The BcgI restriction-modification system consists of two subunits, A and B. It is a bifunctional protein complex which can cleave or methylate DNA. The regulation of these competing activities is determined by the DNA substrates and cofactors. BcgI is an active endonuclease and a poor methyltransferase on unmodified DNA substrates. In contrast, BcgI is an active methyltransferase and an inactive endonuclease on hemimethylated DNA substrates. The cleavage and methylation reactions share cofactors. While BcgI requires Mg 2+ and S-adenosyl methionine (AdoMet) for DNA cleavage, its methylation reaction requires only AdoMet and yet is significantly stimulated by Mg 2+ . Site-directed mutagenesis was carried out to investigate the relationship between AdoMet binding and BcgI DNA cleavage/methylation activities. Most substitutions of conserved residues forming the AdoMet binding pocket in the A subunit abolished both methylation and cleavage activities, indicating that AdoMet binding is an early common step required for both cleavage and methylation. However, one mutation (Y439A) abolished only the methylation activity, not the DNA cleavage activity. This mutant protein was purified and its methylation, cleavage and AdoMet binding activities were tested in vitro. BcgI-Y439A had no detectable methylation activity, but it retained 40% of the AdoMet binding and DNA cleavage activities.
INTRODUCTION
Restriction-modification (R-M) systems comprise pairs of competing intracellular enzyme activities: an endonuclease activity which cleaves at its target site and a methyltransferase activity which prevents endogenous DNA from endonuclease digestion. The methyltransferase prevents endonuclease digestion by modifying the same target sequence, that is usually hemimethylated following DNA replication, with a methyl group from S-adenosyl methionine (AdoMet). More than 2700 restriction endonucleases have been isolated from bacterial sources and most of them can be grouped into three classes based on subunit composition, cofactor requirements and type of DNA cleavage (1, 2) .
Type II systems are the simplest systems. They have two enzymes: an endonuclease and a corresponding methyltransferase. The endonuclease coordinates Mg 2+ with acidic residues to polarize the reactive phosphate group and/or to stabilize the transition state (3) . In the case of EcoRV, Mg 2+ is also required for specific DNA binding (4) . The methyltransferase transfers the methyl group from AdoMet to a target adenine or cytosine within the DNA recognition site. All DNA methyltransferases use AdoMet as their methyl donor. The AdoMet is bound in a hydrophobic pocket formed by two conserved motifs in the DNA methyltransferase, as is seen in the structure of M.TaqI (5) .
Type I restriction endonucleases are multifunctional protein complexes of three subunits that have both DNA cleavage and DNA methylation activities. Biochemical studies revealed that the early steps of AdoMet binding and enzyme activation are common to both the restriction and modification activities of type I enzymes, such as EcoKI (6, 7) . Once the EcoKI is bound with AdoMet, it becomes activated and it will either cleave or methylate DNA. As a maintenance methyltransferase, EcoKI has very low methylation activity on unmodified DNA compared with hemimethylated DNA (8) . However, results from comparative gel retardation experiments show that the binding affinities for three substrate DNAs (unmodified, hemimethylated and fully modified) are very similar (9) . This suggests that for the EcoKI methyltransferase the major discrimination between DNA substrates of different methylation states occurs at the level of catalysis rather than substrate binding (9) .
Type III R-M systems are also multimeric systems with M and R subunits (10) . The M subunit alone is an active methyltransferase, and determines the specificity for both methylation and restriction. The R subunit alone is an inactive protein. When it forms an heterodimer with M, it cleaves on one side of the asymmetric recognition ∼25 bp away in the presence of ATP, AdoMet and Mg 2+ .
BcgI (11) and the other BcgI-like restriction endonucleases, such as BaeI (12) , Bsp24I (13), CjeI and CjePI (14) are distinct from all other types of restriction endonucleases in their unique cleavage pattern and cofactor requirement. They all cleave DNA on both sides of their recognition sequences to excise a short DNA fragment including the recognition site in the middle (∼30 bp). They all require AdoMet and Mg 2+ for DNA cleavage. The genes encoding for BcgI proteins have been cloned and sequenced (15) . It was found that the BcgI R-M system consists of two adjacent, similarly oriented genes. The BcgIA gene encodes for a 637 aa protein that contains AdoMet binding motifs like those seen in m 6 A-methyltransferases such as M.TaqI and the M subunit of EcoKI. The BcgIB gene encodes for a 341 aa protein (molecular mass = 39.2 kDa). The acidic A subunit (I.P = 5.07) and basic B subunit (I.P. = 9.66) form a very tight complex that cleaves or methylates DNA. Although the A subunit contains the two conserved methylase motifs, it lacks any methylation activity by itself. Both the A and B subunits are required to bind, cleave and methylate target DNA (15) . However, it is not known how BcgI coordinates its competing activities.
In this report, the methylation and cleavage activities of the BcgI protein complex were studied using a set of synthetic oligonucleotides which form unmethylated, hemimethylated and fully methylated DNAs. In addition, the effects of enzymatic cofactors on the cleavage/methylation activities were also studied. To further investigate the relationship between AdoMet binding and the catalytic activities of BcgI, we have substituted conserved residues in the A subunit that forms the AdoMet binding pocket and characterized the phenotypes of the mutant enzymes.
MATERIALS AND METHODS

Enzymes and other reagents
Restriction enzymes and DNA polymerase I Klenow fragment were obtained from New England Biolabs. All single-stranded oligodeoxynucleotides were made by New England Biolabs Organic Synthesis division. Both [ 32 P]dATP (3000 Ci/mmol) and [ 3 H]AdoMet (10 Ci/mmol) were purchased from DuPont New England Nuclear.
Substrate DNAs with various methylation
Double-stranded duplex DNA was generated by heating/annealing complementary single-stranded oligodeoxynucleotides (93_C for 3 min, then slowly cooling to 25_C over 1 h).
The DNA duplex A contains a single BcgI recognition sequence (shown in bold):
Hemimethylated DNA duplexes were generated by annealing one unmethylated strand with its complementary strand containing an N 6 -methyl adenine (shown as underlined) within the BcgI recognition sequence. The duplex B also contains a single BcgI recognition sequence, but its surrounding nucleotides differ from duplex A:
Site-directed mutagenesis
Nine mutant BcgI proteins that differ from the wild-type by only a single amino acid were made using the corresponding oligonucleotides. Site-directed mutagenesis was carried out as described previously (16) . Positive clones were screened by restriction enzyme analysis and verified by DNA sequencing.
Purification of BcgI-Y439A
This mutant was purified from Escherichia coli ER2504-DE3-plysS containing pETBcgI-Y439A, a recombinant plasmid containing the BcgI R-M genes downstream of the T7 promoter (17) . All operations were performed at 4_C unless otherwise noted. Frozen cells (20 g ), from cultures grown at 37_C, were thawed and suspended in buffer A (20 mM Tris-HCl pH 7.5, 0.1 mM Na 2 EDTA, 1 mM dithiothreitol) containing 100 mM NaCl. The suspension was sonicated. Following cell rupture, the supernatant was applied to a buffer A-equilibrated heparin-Sepharose column. DNA cleavage activity was eluted with a linear gradient of 0.1-1 M NaCl in buffer A. Fractions with BcgI activity were pooled, dialyzed and applied to a mono-Q column (Pharmacia). Active fractions from mono-Q were applied to a heparin Tsk column (Toso Haas) equilibrated with buffer A. Fractions with BcgI endonuclease activity eluted from Heparin Tsk were dialyzed against storage buffer (10 mM Tris-HCl pH 7.4, 100 mM NaCl, 1 mM dithiothreitol, 0.1 mM Na 2 EDTA and 50% glycerol), and kept at -20_C.
In vitro DNA cleavage and methylation activities
BcgI DNA cleavage activity was determined by incubating BcgI protein with λ DNA in BcgI digestion buffer (New England Biolabs) at 37_C for 15 min. The digestion products were analyzed by agarose gel electrophoresis. BcgI methylation activity was determined by incubating BcgI with DNA duplexes and [ 3 H]AdoMet in BcgI DNA methylation buffer (10 mM Tris-HCl pH 8.0, 5 mM Na 2 EDTA and 1 mM dithiothreitol). Aliquots (40 µl) were withdrawn following incubation at 37_C and spotted on to a 3 MM filter paper (Whatman). The filters were washed in 10% trichloroacetic acid to remove free [ 3 H]AdoMet, while the incorporated 3 H-methyl group was quantitated by liquid scintillation counting as acid-insoluble radioactivity.
AdoMet binding assay
BcgI-AdoMet binding activity was measured using a filter binding assay which had been modified (J.S. Benner, unpublished 
BcgI is a maintenance methyltransferase
In the presence of Mg 2+ and AdoMet, BcgI preferentially cleaves DNA on both sides of the target sequence (CGAN 6 TGC) to produce a 34 bp fragment with an intact recognition sequence. Following cleavage, BcgI remains bound to the 34 bp fragment and methylates it at an extremely slow rate: the turnover number is 0.03 methyl-transfer by BcgI per hour (11, Kong, unpublished observations).
The amino acid sequence of the BcgI A subunit is most similar to the amino acid sequences of the type I M subunits, some of which, such as EcoKI, are maintenance methyltransferases preferring hemimethylated DNA (8, 15) . Therefore, a set of synthetic oligonucleotides including unmethylated, hemimethylated and fully methylated DNAs were used to test whether BcgI can function as a maintenance methyltransferase. BcgI had 5-to 15-fold higher methylation activities on hemimethylated DNA as compared to unmethylated DNA (Table 1 , compare line 1 with lines 2 and 3). There was also a significant difference in BcgI methylation activities with the two different hemimethylated substrates (Table 1 , lines 2 and 3). The difference could be due to the nature of the asymmetric recognition sequence (CGAN 6 TGC versus GCAN 6 TCG), such that BcgI might methylate one unmethylated sequence (CGAN 6 TGC) more efficiently than the other (GCAN 6 TCG). Alternatively, the difference could simply be due to the influence of surrounding nucleotide sequences. To distinguish between these two possibilities, the same methylation assay was carried out using DNA duplexes with different surrounding nucleotides sequences (duplex B, Materials and Methods). Again, BcgI had higher methylation activities on hemimethylated duplex B with unmethylated CGAN 6 TGC sequence (Table 1 , compare lines 7 and 6), indicating that BcgI is consistently a more active methylase on one asymmetric recognition sequence (CGAN 6 TGC) than its complementary sequence (GCAN 6 TCG) in the presence of AdoMet. Thus, the surrounding nucleotide sequence does not appear to have much influence on this asymmetric methylation activity. The influence of Mg 2+ on BcgI DNA methylation activity. The in vitro methylation assays were carried out as described in Table 1 , except in the case of plus Mg 2+ (filled bar), where the 5 mM Na 2 EDTA was replaced by 10 mM MgCl 2 . The blank bars represent the methylation activity in the absence of Mg 2+ . Symbols, +/-, -/+, -/-and +/+, represent different methylation states of substrate DNA, as detailed in Table 1 .
Mg 2+ stimulates BcgI methylation activity
To study the influence of Mg 2+ on BcgI methylation activity, a comparison methylation assay with and without Mg 2+ was carried out. Mg 2+ stimulates BcgI methylation activity on one hemimethylated DNA (Fig. 1 , +/-) by 4.3-fold and on the other hemimethylated DNA (Fig. 1 , -/+) by 17.2-fold. Moreover, the discrimination of BcgI methylation activities on the two different hemimethylated target sequences disappeared sharply in the presence of Mg 2+ . Stimulation was also observed with unmodified DNA (Fig. 1, -/-) .
The dual role of AdoMet in DNA methylation
Previous work, in a different R-M system, revealed cooperativity of AdoMet in the EcoKI DNA methylation reaction (6). Similar observations have been reported in DNA-adenine-methyltransferase of E.coli, which underwent DNA-binding affinity and conformational changes upon binding of AdoMet (18) .
This allosteric activation role of AdoMet was also observed in a kinetic study in BcgI methylation. The apparent K m value of AdoMet for BcgI methylation was measured at ∼300 nM (Fig. 2) . The dependence of BcgI methylation on AdoMet concentration is a typical sigmoidal curve, indicating the presence of cooperativity of AdoMet in the DNA methylation reaction. In contrast, the K m value of AdoMet in the BcgI cleavage reaction was measured at 100 nM, and no cooperativity was observed in the dependence of DNA cleavage on AdoMet concentration (11) . This difference is probably due to the different role that AdoMet plays in the methylation reaction compared to the cleavage reaction. In addition to serving as an allosteric effector in both methylation and cleavage reactions, AdoMet is also the substrate for DNA methylation, and this dual role of AdoMet in methylation results in the sigmoidal curve in Figure 2 .
Site-directed mutagenesis in the AdoMet-binding pocket
Site-directed mutagenesis on conserved residues that form the AdoMet binding pocket was carried out to further investigate the Figure 2 . Kinetic study in BcgI methylation. BcgI methylation activity was assayed in BcgI methylation buffer (as described in Fig. 1 ) containing variable amounts of AdoMet (from 800 to 50 nM). DNA duplex concentration was fixed at 150 nM and the BcgI enzyme concentration was also fixed at 5 nM. Samples were withdrawn as a function of time; the incorporated 3 H-methyl groups were determined by liquid scintillation counting. Plots of the reaction time course were analyzed to determine the initial rates, and the data was then replotted as shown.
dual role of AdoMet and to study the relationship between AdoMet binding and BcgI enzymatic activities. AdoMet is inserted into a hydrophobic pocket formed by two conserved amino acid segments in adenine methyltransferases, such as M.TaqI (5). Nine mutations in two sequence motifs of BcgI (motif I, DPACGTG and motif IV, NPPY) were made using nine corresponding oligonucleotides. The DNA cleavage/methylation activities of all mutant BcgI proteins are summarized in Table 2 . WT  100  ++  G355A  90  ++  G355D  0  -N436A  0  -N436D  0  -N436Q  0  -N436S  20  +  Y439A  20  -*  Y439F  90  ++  Y439W 20 + a BcgI DNA cleavage activity was determined as follows: cells containing plasmid pET21at-BcgIAB were induced with IPTG and crude cell extracts were prepared by sonication and centrifugation. The DNA cleavage phenotypes of these mutants were determined by measuring the cleavage activity of the mutant proteins in supernatant on λ DNA in BcgI digestion buffer. b The methylation phenotypes were determined by measuring the protection of the BcgI recognition sites in the mutant BcgI plasmid constructs. If the mutant BcgI still has methylation activity in vivo, it will modify the BcgI recognition sites in the plasmid so that the plasmid DNA becomes resistant to BcgI digestion. The plasmid DNA, which contains several BcgI sites, was then purified following IPTG induction. The DNA was then cleaved by BcgI endonuclease to determine whether the BcgI sites were methylated or not. ++, plasmid DNA completely resisted BcgI digestion; +, plasmid DNA was partially degraded, indicating incomplete methylation; -, plasmid DNA can be cleaved by BcgI; -*, plasmid DNA was degraded before BcgI digestion, probably due to the R + M -phenotype. After induction, the R + M -BcgI cleaved the plasmid and the BcgI digested DNA fragments were further degraded in vivo by non-specific nucleases. All DNA methyltransferases contain a conserved Gly in motif I except M.TaqI which has an Ala in this position based on sequence alignment (19) . Changing this most conserved Gly to an Asp completely abolishes BcgI methylation and cleavage activities. However, the Gly to Ala substitution (G355A) had little effect on either BcgI DNA methylation or DNA cleavage activities.
All m The last residue in motif IV (Tyr) was changed to Phe, Trp and Ala. Change of Tyr to Phe (Y439F) left a similar aromatic ring, but removed a hydroxyl group. This substitution had no effect on BcgI methylation and cleavage activities, indicating that the hydroxyl group is not directly involved in the catalysis. Changing the Tyr to Trp (Y439W), an aromatic amino acid residue with a bulkier side chain, resulted in partial enzyme activity. The Tyr to Ala change (Y439A) abolished methylation activity completely, but still retained some of the cleavage activity ( Table 2) .
Characterization of the BcgI-Y439A protein
The BcgI-Y439A protein also appears to be an active endonuclease and an inactive methyltransferase in vivo. This statement is based on the observation that the plasmid carrying the BcgI-Y439A genes was degraded upon induction of the genes. This is probably due to the fact that the BcgI-Y439A protein could not methylate the BcgI recognition sites in the plasmid and thus the plasmid was cleaved by the active endonuclease (data not shown). The cleavageplus/methylation-minus (R + M -) phenotype of BcgI-Y439A was further confirmed in vitro after column chromatographic purification of this mutant protein (Materials and Methods). A hemimethylated double-stranded DNA was used for an in vitro methylation assay with purified BcgI-Y439A. No detectable methyl-transfer was observed with the mutant BcgI-Y439A, while 30% of the sites in the DNA substrate were modified with a 3 H-methyl group from AdoMet by wild-type BcgI (Fig. 3) . The DNA cleavage activity of purified mutant BcgI-Y439A was also assessed. It cleaved DNA specifically like wild-type BcgI with a lower specific activity (40% of wild-type). A filter-binding assay was performed to test the AdoMet binding ability of this methylation-deficient mutant. The quantitative binding of AdoMet was examined by measuring the amount of BcgI bound to [ 3 H]AdoMet using a filter. BcgI-Y439A was still able to bind AdoMet (Fig. 4) and its target DNA (unpublished observation). This suggests that BcgI-Y439A appears to be a catalytic mutant, which can bind both substrates but fails to catalyze the reaction. Compared to the wild-type, the Y439A mutant showed 42% binding affinity for AdoMet (Fig. 4) , Since BcgI requires AdoMet for DNA cleavage, the reduced AdoMet binding affinity might be the cause of the reduced specific activity in the DNA cleavage reaction of the Y439A mutant.
DISCUSSION
The results from kinetic studies of BcgI methylation suggest that AdoMet acts both as a methyl donor and an allosteric effector. This observation agrees with the data from mutagenesis studies on the AdoMet binding motifs of BcgI. The DNA methylation and cleavage activities of the BcgI enzyme are closely related to each other. This was reflected by the fact that most mutants either lost the ability to methylate and cleave DNA or retained both activities (Table 2 ). (Fig. 5C) . Some conservative changes, such as G355A retain both cleavage and methylation activities. These results suggest that methylation and cleavage pathways diverge after the first common step of AdoMet binding (Fig. 5A) .
This hypothesis was strengthened by a mutagenesis study on Tyr439 in motif IV (NPPY). In this case, the change only affected the methylation step, but not the upstream AdoMet binding step or the parallel cleavage step, thereby allowed the mutant BcgI to still cleave DNA (Fig. 5D) .
Mg 2+ is the only other cofactor for BcgI in addition to AdoMet. It is very interesting that the two competing activities share the same cofactors: AdoMet, the methyl donor for DNA methyltransferase, is required for DNA cleavage by BcgI; and Mg 2+ , the divalent cation for endonucleolytic digestion, can greatly stimulate the methylation activity of BcgI. We think while AdoMet serves as a major allosteric activator for BcgI, Mg 2+ might serve as a minor activator as well. When binding with both AdoMet and Mg 2+ , BcgI is probably in its most active form which can cleave or methylate DNA (Fig. 5A ). When binding with only AdoMet, BcgI is probably in a partially active form which cannot cleave DNA but can methylate DNA at a reduced activity level (Fig. 5B) . Because of being in this partially active conformation, the two asymmetric recognition sequences were treated differentially ( Table 1 ). The binding of Mg 2+ probably induces a conformation change, so that BcgI becomes a more active methyltransferase which no longer discriminates between the two asymmetric sequences (Fig. 1) . Finally, when binding with Mg 2+ alone, BcgI is probably in a inactive form which lacks both activities (equivalent to the BcgI mutants that cannot bind AdoMet, Fig. 5C ). Since the BcgI cleavage and methylation activities are closely associated with each other, we are not surprised to see that cleavage cofactor (Mg 2+ ) influences methylation activity. Indeed a recent study mapping the functional domain of BcgI revealed that both the cleavage domain and the methylation domain reside in the same polypeptide (Kong and Smith, manuscript in preparation).
In addition to the cofactors, substrate DNA behaves as an allosteric effector to coordinate the dual activities of BcgI as well. In the presence of unmethylated DNA substrates, BcgI is an active endonuclease and a poor methyltransferase. As a result, any unmethylated exogenous DNA, such as invading phage DNA, will be preferentially cleaved. When hemimethylated DNA substrates are present, BcgI is an active methyltransferase and an inactive endonuclease so that its host endogenous DNA can be methylated efficiently following replication.
The crystal structure of M.TaqI with bound sinefungin, an analog of AdoMet, shows that two conserved motifs form the AdoMet binding pocket, with the exception of the Tyr in motif IV (NPPY) which sticks out of the pocket by a sharp turn due to the preceding prolines (5) . The role of this aromatic residue in M.TaqI was further defined by structural comparison of the adenine methyltransferase M.TaqI with the cytosine methylase M.HhaI (20, 21) . Although M.HhaI and M.TaqI belong to different families of DNA methyltransferases and are believed to have different catalytic mechanisms, the structural comparison of these AdoMetdependent methyltransferases reveals that the catalytic domains of M.HhaI and M.TaqI exhibit a very similar 3-D structure (22) . Indeed, the Y in the NPPY motif of M.TaqI occupies the position analogous to Cys81, the key catalytic residue for M.HhaI (23) , indicating that the Tyr in motif IV of adenine methyltransferase probably is an important catalytic residue (24) . In addition, the structural modeling of EcoKI predicted that this aromatic residue in motif IV is poised at the edge of the active site where it can interact with the target base if it is flipped out of the DNA (25) .
Mutagenesis studies on the two conserved adenine methyltransferase motifs that have been carried out on Dam methyltransferase (26, 27) , EcoKI methyltransferase (28) and BcgI methyltransferase (this study) generally agree with the structural data. A change of the most conserved Gly in motif I of EcoKI (G177D) completely abolishes AdoMet binding and methylation activity (28) , while substitution of this equivalent residue in BcgI (G355D) abolishes methylation, cleavage and presumably AdoMet binding activities. These data show that motif I of adenine methylases is very important for AdoMet binding.
In the case of motif IV, previous studies on Dam methyltransferase (motif IV = DPPY) have shown that substitutions of the first residue (D to S, N and G) abolish both AdoMet binding and methylation activities (26) . In addition, change of the first Pro also resulted in an increased K m for AdoMet, indicating that motif IV is also important for AdoMet binding (27) . However, mutagenesis on motif IV of EcoKI (NPPF) yielded a different result. Mutant EcoKI-N266D fails to methylate DNA but still binds AdoMet, suggesting that Asn in motif IV is involved in methylation catalysis but is not involved in AdoMet binding. In the case of BcgI, substitutions of the first residue in the NPPY motif to Ala, Asp and Gln completely abolish both downstream activities and an Asn to Ser change results in a partially active BcgI with reduced methylation and cleavage activities. Our data suggests that Asn in motif IV of BcgI is involved in an early step required for both catalytic activities. Presumably, this asparagine is important for AdoMet binding.
The essential catalytic role of the aromatic residue in motif IV has also been explored by mutagenesis studies. Substitutions of F to Y and W in EcoKI result in an active enzyme and changes of F to G and C abolished methylation activity but left cofactor binding activity unaltered (28) . Similar results were obtained from this study in which substitutions of Y439 with other aromatic residues result in an active BcgI whereas the Y to A change abolishes the methylation but not the AdoMet binding activity. These results suggest that the aromatic residue in motif IV of adenine methyltransferases is a catalytic residue which is important for methyltransfer and is not essential for AdoMet binding.
